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SECTION I

1.0 SUMMARY

The Report describes the progress made under Task 1 of NAS3-9430
during the period from January 1, 1967 to June 30, 1967. During this period
36 hydrogen-oxygen fuel cells were tested with circulating KOH electrolyte. The
majority of these tests were at 200 ASF and 90°C, although limited tests were
conducted at 100 ASF, 300 ASF, and on a simulated NASA duty cycle involving
periodic power cycling. In nearly all of these tests various modifications of
the LAB-40 electrode were used as cathodes, while both LAB-40 and T-2
electrodes were tested as anodes. Two sizes of cells we re evaluated: a) a'small"
stack containing 1/8 ft? of active electrode area, and b) a "flight-size' stack con-
taining 1.3 ft? of active electrode area. Testing at 200 ASF was conducted both
at 15 psia and 30 psia. Typically increasing the pressure from 15 to 30 psia
resulted in about a 40 mv increase in cell potential. Of the 15 small cells tested
at 200 ASF and 15 psia, 10 met one of the two program milestones—namely,
generation of an initial potential of 0. 90 volt at 200 ASF. From the same group
8 stacks met the second program milestone of a potential decay rate of less than
20 mv in 500 hours. One-third of the cells met both milestones. Two stacks

from this group operated for more than 2000 hours.

Six small cells were tested at 200 ASF and 30 psia. Of this group
two suffered mechanical failures on startup. The remaining four all met the
initial voltage milestone and two also met the voltage degradation milestone.
The two tests which did not meet the voltage degradation milestone were ter-

minated because of test stand operational problems rather than potential decline.

Four flight size cells were tested; two at 15 psia and two at 30 psia.
All four met the voltage decay milestone, and the two 30 psia tests also met the
initial potential milestone. Excellent performance of those cells operating under
the similated duty cycle was observed. On the basis of test results accumulated

during this period the LAB-40 and T-2 electrodes are comparable as anodes.

Initial attempts to modify the Union Carbide T-3 cathode for high
noble metal loading have yielded encouraging results in small cells but several
processing variables must yet be explored before an optimized fabrication

procedure is established.



SECTION II

2.0 INTRODUCTION

This is the second Semiannual Progress Report to be written under
Contract NAS3-9430, and covers work completed under Task 1 during the period
January 1, 1967 to June 30, 1967. As specified in the contract Work Statement
the purpose of Task 1 is to conduct a program to improve the performance cap-
ability of the Union Carbide thin fixed-zone electrode. Task 2 of the contract
involves preliminary design of a 5-kw hydrogen-oxygen fuel cell power supply.
This task was completed during the present report period, and the work is

described in detail in a separate Topical Report.

Work during the past six months has been channeled into three major
areas. A major fraction of the effort has been performance testing of those
promising electrodes identified during the first six months of work. Basically
the testing has involved '"hybrid'" cells using Union Carbide Type-2 anodes and
American Cyanamid LLAB-40 cathodes or cells using the LAB-40 electrode as
both anode and cathode. Several modifications of the LAB-40 backing have been
tested in an effort to obtainelectrodes which do not delaminate during service or
leak KOH into the gas spaces. An essential and integral part of the testing work
has been to provide test stands capable of reliable operation at both 15 and 30
psia and 100°C. All tests have been with a circulating KOH electrolyte—a key

design concept in Union Carbide Fuel Cell systems.

The second major work area has involved studies on a modified
Union Carbide Type-3 electrode. The modification under investigation is
replacement of most or all of the carbon used in the commercial version of
the T-3 electrode with platinum to achieve performance levels of importance
to NASA. Emphasis in this work has centered on the screening of various

electrode processing variables using subsize electrodes.

The third work area to which limited amount of experimental effort
has been devoted is the screening of possible cell construction materials to
assess their compatibility with 12 N KOH at 100°C. Testing has emphasized

various thermoplastics and elastomers.



SECTION III

3.0 FACTUAL DATA

3.1 Electrode Studies.

This section describes development work on platinum-loaded Type-3
electrodes. The Union Carbide Type-3 (T-3) cathode consists, typically, of a
dual-porosity metal substrate with a coarse, large-pored, metal layer bonded
to a very fine-pored layer. The electrochemically active material is contained
in the coarse layer, and may be backed by an additional electrolyte-repellent

layer as well.

In operation the fine-pored metal layer is in contact with the elec-
trolyte, and is completely wetted through. The large-pored layer containing the
active material is maintained in the proper state of semiwetness in part by
means of the binder and wetproofing agent employed (e.g., Teflon), and also
by the application of sufficient gas pressure to force the bulk of the electrolyte
out of the coarse-pored region. However, the gas pressure is insufficient to
force the KOH through the fine-pored layer. The electrolyte-repellent backing
provides additional protection against electrolyte leakage, and may be particu-
larly useful during standby and startup when it is possible that no back pressure
will be present. A further advantage of this repellent layer is the safety it
provides against nonuniformity in the electrode structure which might be present

in the form of isolated defects constituting points of leakage.

During this reporting period effort has been directed towards develop-
ment of a modified T-3 cathode which is loaded with platinum at about the 40
mg/cm? level. Evidence to date indicates that current-voltage characteristics
(IR-free) equalling those obtainable with LAB-40 cathodes can be achieved.
Thus far, processing variables have been examined only in sufficient depth to

delineate the direction for future experimentation.

3.1.1 Experimental Approach.

Because of the high cost of platinum experimental electrodes
were made in 2" x 2" size. In turn, these were cut into l-inch squares and

tested in small cells as described previously(l). Although Union Carbide had

(1) NASA Contract Report (CR-72178); Semiannual, Period: June 30-Dec. 30,
1966; Contract NAS3-9430, p. 7
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previously developed a substantial amount of information on a commercial version
of the T-3 electrode with very low Pt loadings, no work had been done on a high-
platinum version for NASA applications. Consequently, to provide a suitable
standard for comparison it was decided to screen some of the fabrication variables
on Type-5 electrodes on which some experience with higher Pt loadings had
already been obtained during the previous reporting period(z). Although useful
information was obtained in this manner, particularly with respect to such var-
iables as curetemperature, binder type, and binder amount, the T-3 structure

is sufficiently different that the results were not always directly transferable

from one type of electrode to the other.

3.1.2 Experimental Results.

Platinum black obtained from Engelhard Industries (90-100 A°
crystallite size) is being used exclusively at the present time. However, some
of the earlier work was done with platinum black precipitated from platinum
chloride in our laboratory (designated as UCC Pt), and certain fabrication var-
iables were tested with this material. While this established useful trends,
the differences in physical properties between these two types of platinum will
require additional work to conclusively establish optimum electrode fabrication
procedures. A summary of results which are considered useful in directing

future work follows, and is presented in tabular form in Table I.

3.1.2.1. Results with T-5 Cathodes:

a. Binder Type: Both TFE and FEP Teflon have been found
to be usable as binders. Tests 1 through 4(Tablel) give examples obtained
after two days on test at 200 ASF, 80°C, in 12 N KOH. Since the screening of

variables involves a large number of tests, life testing of small samples has

not been undertaken. Rather, the test-stand capacity has been devoted to analysis
of processing variables. Thus, electrodes are run for only a week or two. For
initial screening purposes, potentials taken after two days of operation are used
for comparison. This provides an initial break-in period but disregards subse-
quent voltage decay, and thus probably represents near peak performance of the
electrodes. Tests to date do not conclusively indicate superiority of either type
of Teflon.

(2) NASA Contract Report (CR-72178); Semiannual, Period: June 30-Dec. 30,
1966; Contract NAS3-9430, pp. 22-24.

-4-
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b. Binder Amount: The Teflon:Pt ratio has not been studied exhaus-

tively. Tests 3 and 4 (Table I) give examples of two FEP binder levels; tests 5
and 6 of two TFE levels. Although these results suggest somewhat better per-
formance at the higher Teflon percentages, data are not adequate to draw firm

conclusions.

c. Curing Temperature: Electrodes have been baked at tempera-

tures ranging from 200 - 300°C, and although the results again are inconclusive
they appear to favor the lower temperatures. Tests 7 and 8 represent pieces

of the same electrodes as tests 5 and 6, except that they were cured at 275°C.

3.1.2.2 Results with T-3 Cathodes.

After preliminary testing of all-platinum T-5 electrodes, more
extensive trials with T-3 cathodes have shown that they present a different set

of problems. These problems are summarized below:

a. Pressures used in fabricating T-5 electrodes are insufficient
when making T-3 structures. In the former case, pressures of 100 - 200 psi
were used. In the latter pressures in the order of ten times these values are
necessary. An optimum T-3 structure must have the coarse-metal layer com-
pletely filled with the platinum mix. A metallographic cross section of one of
the best T-3 cathodes has shown that even at 2000 psi the mix has only penetrated
about halfway through the coarse layer. As a result, electrodes have been quite
variable, and have shown undesirable results as a function of the oxygen to
electrolyte differential pressure. On the other hand, increasing the fabrica-
tion pressure to above 2000 psi has resulted in poorer electrochemical perform-
ance in some tests, apparently by decreasing gas permeability to a small

value.

b. Even though very encouraging results have been obtained when
a small amount of acetylene black is used as an extender in the T-3 electrode,

omission of the carbon leads to inferior performance.

c. Although results with T-5 electrodes indicate the possible benefits
of lower curing temperature, most T-3's have been cured at 275°C. This is
because the electrolyte-repellent layer being used at present is a high TFE-
bonded inactive carbon layer. Although 275°C is considerably below the optimum
TFE cure temperature, it is felt that a higher temperature is probably incom-
patible with good cathode performance (i.e., probable detrimental effect on

platinum catalyst). Further work needs to be done to establish this point.

-6-



The fact that it is possible to approach the electrochemical perform-
ance of LAB-40 electrodes is shown in Fig. 1 where results of three T-3
cathodes are plotted. Test A was started at 2 psig back pressure and behaved
erratically. After four days, the oxygen back pressure was reduced, and the
cathode potential immediately increased to a value in the LAB-40 range where
it held until the test was discontinued to make room for other tests. Test B
was started at 0 psig back pressure, and was increased to 2 psig after four

days on test; this resulted in a small improvement.

An additional problem with T-3 cathodes, which can only be evaluated
in larger cells, is the question of electrode resistance as evidenced by IR drop
in the cell. Earlier tests with cells containing T-2 cathodes indicated a probable
oxidation of the porous nickel and/or active carbon which resulted in a progres-
sive increase in IR drop. Present T-3 cathodes are made with gold-plated,
porous Ni; this has proven not to be totally satisfactory. The plating procedure
has not resulted in much more than surface coating of the porous nickel; a 1/8-

sq. ft. cell (A-095) also showed progressively increasing IR drops.

Cell A-095 was the only cell with T-3 electrodes tested to comple-
tion during the present reporting period. It performed poorly, and fell well
below acceptable NASA standards. This, in part but not entirely, was the
result of inadvertently applying too high a pressure during fabrication. Because
of the steep current-voltage curve, life testing was conducted at 100 ASF. The
cell was run for ten days at this current density with the terminal voltage rang-
ing from 0. 84 to 0. 92 volt. Sensitivity to differential oxygen pressure was
noted. At a pressure differential of 25" w. c., the voltage declined from 0. 89
to 0. 84 volt in three days. Upon increasing the AP to 65" w.c., it improved
to 0. 92 volt and then declined to a final value of 0. 86 volt.

Figure 2 represents both IR-free and IR-included cell voltages
taken at two different times. These curves illustrate the IR-drop increase
pPreviously mentioned, and show that a significant part of the voltage decline

was due to internal resistance.

3.2 Stack Testigg_.

3.2.1 Facilities.

Under the terms of Contract NAS3-9430 Union Carbide Corp.

agreed to provide 18 stack test stands, of which 12 were to accommodate small

-7-
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cells (about 1/8 ft? electrode surface) and six were to take so-called flight-size
cells which were to have at least 1 ft? of active electrode surface. This commit-
ment required fairly extensive modification of the existing test facilities and
considerable new construction, because the smaller size is not widely used in
normal Union Carbide programs, and the larger size, though generally used,

is not usually operated at the high current densities required here. Further-
more, normal Union Carbide operations are carried out at or below 70°C,

which permits the use of polypropylene electrolyte tanks and plumbing while the
100°C requirements of this prograrn necessitated the use of nickel as the

construction material.

Initially six small test stands were activated and used in the early
stages of the program. An additional six small test stands, more highly instru-
mented and capable of more careful control and monitoring than the first group,
were completed largely during the winter months. Both designs have already
been depicted and discussed in the first Semiannual Progress Report (NASA
CR-72178, pp. 8-14).

Subsequently, six large test stands for the flight-size cells were
built. Of these, four were for operation at 15 psia (normal atmospheric pres-
sure) and two for operation at 30 psia or higher. The 15 psia stands are sub-
stantially similar to the small stands except for such obvious modifications as
larger electric loads and leads, larger fluid ducts and meters, and larger
water collection devices. The large 15 psia stands are shown in Fig. 3. The
30 psia stands are depicted in Figs. 4 and 5. The large test stands could also
be used for small cells as the situation required, in which cases the electrical

systems were modified.

3.2.2 Test Procedures.

Most of the tests described in this report were life tests at
15 psia conducted on small cells. For these, the following procedures were
used: The electrolyte was 14 N KOH, heated in the electrolyte tank to give a
stack outlet temperature of 90+2°C. The nominal electrolyte circulation rate
through the cell was 124+10 ml/min. Sometimes this value was exceeded for
reasons of safety in cells, wherein the KOH flow rate required a AP of only
about 1" since the low AP was very difficult to maintain. In practice, the KOH
inlet pressure was generally 16. 5" of KOH; the pressure drop through the cell

was 3-4". A determination of the electrolyte flow as a function of pressure drop

-9-
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Fig. 3 - Test Stands for Flight-Size Stacks Operated at 15 psia.
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was part of the normal start-up procedure and was repeated periodically..
Usually, no significant flow degradation was found. The electrolyte flow ata AP
of 1.5'" of hot 14 N KOH is included in most of the performance summaries so

that the various stacks may be compared.

Hydrogen and oxygen were not recirculated but instead passed through
the stacks once and then were exhausted. The flow rates were adjusted to give
water balance, i.e., to maintain the electrolyte concentration at the desired
point as far as possible. This proved difficult, and in most instances the elec-
trolyte tended to concentrate, so that water was added from time to time. This
explains the recorded fluctuations in electrolyte normality. The gas flows were
measured on Brooks air purge meters. For the small stacks these were gen-
erally kept at what is equivalent to 0.4 scfh of air for H, and 2.0 scfh air for O,,
corresponding approximately to 1. 56 scfh H, and 1. 82 scfh O,. At 200 ASF a
1/8 ft? electrode actually requires 0.40 scfh H, and 0.20 scfh O,, so that for
most tests the systems were run at what would correspond to a recirculation
rate of 4X use rate on the hydrogen side, and 9X use rate on the oxygen side.
These flow rates generally require about 0.3 - 1. 0" water equivalent AP for O,
and 0.1 - 0.2" for H,. Gas inlet pressures were set regularly to be 1" below
the blow-through pressure for O,, and 2'" below blow-through for H,. In addition,
the difference between the pressures of the two gases was not permitted to exceed

e A inlet pressures were usually in the 15 - 30" range.

The electrolyte temperatures of 90+2°C at the outlet were measured
with a thiermistor system from Yellow Springs Instrument Co., Yellow Springs,
Ohio. Most test stands were equipped with probes both on the inlet and outlet,
and in general the temperature difference between the two was about 2°C, the
inlet being higher. The heat lost from the stack was greater than that produced
by the electrochemical reaction even after the stacks were insulated with either
3/8" Plexiglas plates over the cell end plates or with Styrofoam. Temperature
was maintained by heating the electrolyte tank externally with a heating tape
controlled by a Ni-plated Fenwall thermoregulator immersed in the electrolyte
tank. Electrolyte pressures were measured in standpipes at the inlets and

the outlets.

Current, voltage, temperature, gas flows, and electrolyte concen-
tration were checked daily. Condensed water was removed and measured daily;

leakage, if any, was measured as needed. The alkalinity of all liquids collected
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was checked and recorded if any was found. In general, polarization curves were
run on all cells once a week using a Marko-Kordesch interrupter, unless special

situations required more frequent data taking.

The Marko-Kordesch Interrupter [J Electrochem. Soc. 107, 480-483
(1960)] is an instrument which permits measuring the voltage of a battery or fuel
cell stack eliminating the ohmic voltage drop. This is called the IR-free read-
ing, denoted by the letter "F' in all our polarization curves. The polarization
curve obtained as usual by taking the terminal voltage was also measured
with the same instrument and is shown on the same graphs, unmarked, called

the IR-included curve. Thus the two curves may be compared directly.

The stacks operated at 30 psia were first started in the standard
fashion at 15 psia, 90°C, and 200 ASF. Particular attention was paid to blow-
through pressures and electrolyte flows, especially the latter, which could not
be checked after pressurization. Then, with the stack on open circuit, the
solenoid controlling the flow of nitrogen—the pressurizing gas—was opened.
Nitrogen pressure was applied uniformly to O, and H, regulators and to the
entire electrolyte system, so that all portions of the fuel cell system experienced
the rise in pressure simultaneously. The H, and O, purges were watched care-

fully and adjusted to maintain the correct purge rate.

As far as data taking was concerned the same procedures were fol-
lowed and the same data taken as for 15 psia operation except: a) electrolyte tiow
could not be checked; b) N, pressure and purge were checked daily, and c) the
KOH normality was checked daily by titration of a small sample, instead of

the specific gravity method usually used.

The procedures used for the flight-size cells were basically the same
as those outlined above for the small cells with such obvious modifications as

having the gas flows, etc. about ten times larger.

Task 2 of the contract calls for the design of a 5-kw system capable
of performing under a certain load profile. Four tests were run to establish
performance of Union Carbide Fuel Cells under a load profile similar to that
specified for the system. The tests are discussed below (in Section 3. 2. 5. 3).
They differed from all other tests in that the electrolyte was only 11.5 N KOH.
All liquids removed from the stack were collected in just two bottles, one in the

anode-exit side, and one in the cathode exit. The normality of the liquid was

-14-



determined, and the equivalent electrolyte leakage, if any, calculated therefrom.
Gas inlet pressures were checked daily. The pressures were set at 1" below
blow-through pressure at a fairly low current (ca. 60 ASF), and were not changed,
even though the pressure dropped (for the same gas flow rate) at the higher current

densities. These tests were carried out on the older, less highly instrumented,

group of test stands.

The actual load cycle used in the tests differs in detail from the load
cycle specified for the 5-kw system. It has the same percentage of the opera-
ting time under the same loads as the system specification requires, but the
exact timing was rearranged for convenience of single-shift operation. The

following cycle was followed five days each week; operation on the weekend was
at 124 ASF.

TABLE II

SIMULATED NASA DUTY CYCLE

Current Current Density Duration
From To (amps) . (ASF) (Hours)
0830 hrs 0930 hrs 7.5 63 1.00
0930 1015 14. 8 124 0.75
1015 1030 24.0 200 0.25
1030 1130 14. 8 124 1.00
1130 1330 7.5 63 2.00
1330 1430 14. 8 124 1.00
1430 1630 24.0 200 2.00
1630 0830 14. 8 124 16.00

3.2.3 Stack Design.

3.2.3.1 Small Stacks for Use at 15 psia.

Atypical small stackfor use at atmospheéric pressure is depicted
in Figs 6 and 7. The specific materials used which varied in different stacks
are itemized in Table III. The active area of each electrode in this design is
nominally 1/